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A B S T R A C T
This study relates the sonoelectrochemical production of metallic particles and nanoparticles. The
emphasis is on the influence of electrode material and roughness on the morphology of iron
electrodeposits and their dispersion from the electrode by ultrasonification. Ultrasonification is either
applied during cyclic voltammetries with solution stirring or after galvanostatic iron electrodeposition;
no dispersion was observed when using a gold electrode, whereas dispersion was always observed when
using vitreous carbon (VC) substrates. Scanning Electron Microscopy (SEM) imaging of the electro-
deposits shows higher iron coverage on gold than on VC electrodes. Iron spreads more on gold than on VC.
The values of both the interfacial energy of the iron/electrode interface and the work of adhesion of iron
on the electrode are in agreement with the previous observations. Dispersion kinetics on VC were found
to be dependent on the electrode surface roughness. Results suggest that dispersion follows a first order
kinetics, which is coherent with the constant action of cavitation bubbles in the vicinity of the electrode
surface. Enhancement of mass-transfer by ultrasound has also been observed.
1. Introduction
Iron-based nanoparticles (Fe3O4, g-Fe3O4, nickel-cobalt-iron
alloy) exhibit interesting magnetic properties in the medical field,
such as contrast agents for Magnetic Resonance Imaging [1,2] and for
treatment of tumors by hyperthermia [3,2]. Recent studies [4]
indicate that zero-valent iron nanoparticles (ZVI-nP) show better
magnetic performance than iron oxides for medical applications.
ZVI-nP can also be used for various other applications such as an
effective reducing agent: i) in water treatment [5], ii) for
dechlorination [6,7], iii) nitrate removal [7–9], and iv) fordestruction
of various other pollutants (see [5] for an extensive review).
ZVI-nP can be synthetized by several techniques (see [10] and
[5] for an exhaustive list): ball milling [11], thermal reduction
(reduction of iron salts [12] and reduction of oxide [13]), iron salts
wet-chemical reduction [6,14] (using borohydride salt as a
reducing agent) and direct electrochemical reduction [15,16,9].
The most widely used technique is the wet-chemical method.
Scaling-up of wet-chemical method, in order to produce large
quantities of ZVI-nP, requires expensive reagents and specific
security conditions because of the gaseous hydrogen production
[12].
Direct electrochemical ZVI-nP synthe sis appears as a promising
technique for economic and safe production processes, especially
at a large scale; the reducing reagent is replaced by electricity and
under controlled conditions hydrogen production is avoided.
Nevertheless, metallic iron, produced at the cathodic surface,
must be removed from the electrode and dispersed in the liquid at
the required size. Various works involve ultrasonic dispersion of
electrodeposited iron, simultaneously or sequentially with iron-
precursors reduction, allowing the renewal of the cathode surface.
Generally, power ultrasounds (!20 kHz, using an ultrasonic horn
or bath) are used to generate cavitation bubbles that, during their
violent collapses, create fluid motion which removes solid deposits
from the electrode surface. During iron electrodeposition, under
sequential pulses of the applied current, Delplancke et al. [15]
apply shifted pulses of ultrasounds, using a titanium ultrasonic
horn (20 kHz, 50 W/cm2), also used as the polarized cathode.
Nanoparticles (6 nm-100 nm) of pure Fe and alloys of Fe/Ni/Co have
been successfully synthetized in aqueous solutions; partial
‘chemical oxidation’ of pure iron particles has been observed. In
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another study [16], cathode is assembled both with a high (0.2-
2 MHz, 5 W/cm2) and a low (20 kHz, 100 W/cm2) frequency
ultrasonic transducers who irradiate the cathodic area; constant
current electrolyses were carried out in tetrahydrofuran, under
ultrasonification, and 10 nm sized ZVI-nP are produced when the
low and the high frequency transducers are used simultaneously.
Chen et al. [9], claim that ZVI-nP ranging between 1-20 nm were
synthetized using aqueous 1 M FeCl3 in the presence of
cetylpyridinium chloride as a dispersing agent; a two platinum
electrodes ‘classical electrochemical cell’, ‘entirely’ immersed into
an ultrasonic bath (20 kHz), was used and galvanostatic electrol-
yses were carried out under ultrasonification. Other metallic
nanoparticles (silver, palladium, platinum, zinc, nickel, gold) have
been synthesized by the sonoelectrochemical method, see [17] for
a review. Previous studies were generally devoted to determining
the best operating parameters (pulse times, current, temperature,
ultrasounds intensity, stabilizers, etc.) for a given set-up allowing
the synthesis of desired nanoparticles.
Effects of power ultrasound on various electrochemical systems
have also been extensively studied. Ultrasounds are generally
applied using a titanium ultrasonic horn acting as the ultrasound
generator placed in front of the working electrode (‘face-on’
configuration); the working electrode can also be directly
integrated on the ultrasonic horn ([18]). Another possibility is to
immerse the electrochemical cell in an ultrasonic bath [19]. Among
other effects and regardless of the experimental configuration,
ultrasounds induce cavitation bubbles and acoustic streaming
which enhance mass-transfer leading to an increase of the current
[20–25,19]. Current fluctuations are also observed due to violent
bubble collapses [21,26,27].
The ability of the fluid motion and also the shocks induced by
ultrasound to ‘clean’ the electrode surface has been investigated in
several works. Cavitation bubble collapses induced by ultrasound
were found to be able to activate electrodes avoiding passivation by
‘eroding/roughening’ the electrode material [28,19]. Coupling
mercury electrodeposition and ultrasonification simultaneously
onavitreouscarbon electrodehasledtoa ‘steadystate’ regimewhere
the quantity of electrodeposited Hg on the electrode remains
constant (electrodeposition flux = ablation flux) [29]. Under ultra-
sonification, the electrodeposition of metals such as Zn, Co, Pb, and
Hg, was investigated on a vitreous carbon substrate by cyclic
voltammetry in [30] (see also [31]). The authors analyzed the ratio of
anodic to cathodic charges as a function of the ultrasound intensity,
for their particular experimental conditions (potential scan rate,
sonoelectrochemical system, electrode material . . . ), and showed
that it depends on both the ultrasound intensity and the metal used.
This suggests the importance of metal/substrate affinity on the
electrodeposits dispersion. Considering the case of a particle lying on
a substrate and submitted to ultrasonification in [32], the authors
discussed the competition between the hydrodynamic forces and
the adhesion force as a function of the particle size; they showed that
ultrasounds should be able to remove submicrometer particles but
not smaller particles such as molecular adsorbates (adhesion
outweighs hydrodynamics forces).
These previous studies show that the efficiency of ultrasound to
remove/disperse electrodeposited metals should depend on:
- the ultrasound intensity (and the experimental configuration
used) [30,31]
- the size/morphology and the spatial distribution of deposited
metallic particles [32]
- the adhesion energy of electrodeposited metal on the electrode
material
Note that, to date, the effect of the adhesion energy of the
electrodeposited metal on the electrode substrate, has not been
directly investigated.
In the present work, the dispersion by ultrasound of iron
electrodeposits is studied for various electrode materials (gold and
vitreous carbons) which allows to vary the adhesion energy. The
effect of the electrode material on the morphology of the
electrodeposited iron is also studied by SEM imaging. The influence
of the electrode surface roughness is investigated using VC
electrodes having different levels of polishing.
Nomenclature
A geometric surface area (m2)
Aelect Hamaker constant of electrode material,
elect = Au or VC (J)
Aelect=L=Fe Hamaker constant for electrode material
(elect = Au or VC) and iron interacting
across the liquid (J)
Ar Argon
AFe; AL Hamaker constants of the iron and the
liquid (J)
CHþ Protons concentration (mol/m
3)
d Separation distance (m)
D Diffusion coefficient (m2/s)
e Thickness of the deposit (m)
Eadh Adhesion energy of iron on VC electrode =
WFe=VCSFe=VC (J)
E Electrode potential (V)
F Faraday constant (96,500 C/mol)
h Local surface height (m)
jlim Limiting current density (A/m
2)
I,Iapplied, Ilim Current, applied current and limiting
current (A)
MFe Molecular weight of iron (kg/mol)
n Electrons number
Qc, Qa, and Qaref Respectively the cathodic, the anodic and
the anodic reference amount of charges
(C)
r Potential scan rate (mV/s)
ra Arithmetic roughness (m)
rw Wenzel's roughness = ratio between
actual surface and geometrical surface
s Dispersion rate constant (s#1)
Sdisk Surface area of the disk electrode (m
2)
t Time (s)
tUS Ultrasonification duration (s)
WFe=elect Work of adhesion of iron on the electrode,
elect = Au or VC (J/m2)
x, y Cartesian coordinates (m)
Greek letters
ga Surface tension of medium a (J/m
2)
ga/b Interfacial tension between both media a and b (J/
m2)
gelect Surface energy of the electrode, elect = Au or VC1
or VC2 (J/m2)
gd and gp Respectively the dispersive and the polar com-
ponents of the surface energy (J/m2)
h Overpotential (V)
rFe Volumetric mass of iron (kg/m
3)
n Kinematic viscosity (m2/s)
Fa/b Adjustment parameter which depends on inter-
actions between both interacting media a and b
v Angular velocity (rpm)
The study is based on the analysis of electrochemical measure-
ments: voltamperometries and galvanostatic electrolyses coupled
simultaneously or sequentially with ultrasonification. Experi-
ments were realized in a classical electrochemical cell immersed
in an ultrasonic bath. Two different salts (FeCl2 and (NH4)2Fe
(SO4)2) were used as iron electrodeposit precursors.
Experimental results on iron electrodeposits morphology and
adhesion are discussed on the basis of a theoretical analysis,
enabling the estimation of the work of adhesion and the interfacial
tension between iron and the substrate, which is presented in the
Appendix.
2. Material and methods
2.1. Chemicals and experimental set-up
All solutions, prepared using ultrapure water (18.2 MV.cm), were
deaerated before experiments (Argon, 1 bar), for a during of at least
15 min;argonspargingduring theexperimentswhich were achieved
at roomtemperature (18 < T($C) < 22), except forexperiments under
ultrasonic irradiation, for which the temperature slightly increases
(DT < 5 $C). Solutions containing 0.01 M of iron(II) were prepared by
dissolving Normapur solid FeCl2 or (NH4)2Fe(SO4)2 (Mohr’s salt)
supplied by Sigma-Aldrich. Solutions also contain respectively
0.1 M KCl or 0.05 M K2SO4 as supporting electrolytes, and their pH
was adjusted to 4.0, using HCl or H2SO4 respectively.
The iron (II) was preferred to iron (III) in order to avoid the
oxidation of electrodeposited iron by the latter. Moreover, using
two different counter-ions (chloride or sulfate) allows to study
their effect on the morphology of the electrodeposited iron.
FeCl2was selected because it is a simple, soluble and cheap iron
(II) salt; it has already been used to study iron nucleation on
vitreous carbon in [33]. Furthermore, another work [9] has shown
that iron nanoparticles could be synthetized by sonoelectrochem-
istry using FeCl3.
(NH4)2Fe(SO4)2 complex, preferred to the simple salt Fe(SO4)2,
was also studied thanks to its ‘chemical stability’ against to the
oxidation by oxygen.
Electrochemical experiments were performed in a classical
three electrodes cell (50 mL), either by cyclic voltammetric scans or
by galvanostatic electrolyses; a rotating disk was used as a working
electrode (Radiometer, EDI101T), a platinum foil constitutes the
counter electrode, and a saturated calomel electrode (SCE)
immersed within a Luggin capillary is the reference electrode.
Solution was always stirred by the rotation of the disk electrode
(angular velocity v = 1000 rpm). For cyclic voltammetry, the
potential scan rate r is equal to 20 mV/s except for particular
cases where lower scan rates were used. For galvanostatic
electrolyses, the applied current is equal to 90% of the limiting
current corresponding to Fe(II) reduction which is measured on
cyclic voltammetry scans (without ultrasound).
Depending on the experiment, the electrochemical cell was
immersed in an ultrasonic bath (Fisher Scientific FB 15057, 37 kHz,
750 W, 6.9 L). A potentiostat Voltalab PGZ 100 from Radiometer-
Analytical is used to achieve the electrochemical measurements.
Voltamaster 4 is the electrochemical software used to control the
potentiostat. Working electrode material is either gold (2 mm
diameter, purity > 99.99%) or vitreous carbon 1 (VC1, 3 mm diameter,
purity = 99.96%) or vitreous carbon 2 (VC2, 3 mm diameter, purity =
99.99%). VC1 was provided by Carbone Lorraine Company and
VC2 was provided by Origalys Company. Chemical composition of
these VC electrodes are slightly different: 0.04% ash content and
50 ppm sulfur and bore traces for VC1, 0.0042% ash content and
13.5 ppm metal traces for VC2 (data provided by suppliers). The main
difference between VC1 and VC2 is that VC1 has fabrication defects
(small void inclusions in its volume) and thus its surface exhibits
holes with diameters of about 1-10 mm (even after polishing at
0.3mm), while the VC2 has no defects. VC1 and VC2 surfaces
characterization is given in section 3.3 where the effect of electrode
surface roughness on electrodeposit adhesion is discussed.
Electrodes were polished using alumina aqueous suspension of
9, 5, 1 and 0.3 mm on a rotating pad. The electrodes were sonicated
for 5 minutes in a 50:50 ethanol/water mixture between each
polishing and 5 minutes more in ultrapure water to remove
remaining alumina particles.
2.2. Electrode surface characterization
The surfaces of the electrodes were visualized by an optical
microscope (Zeiss Axiolab) and surface profiles were measured by
an interferometric surface profiler (Zygo 3D). Using data provided
by Zygo 3D measurements, Wenzel’s roughness rw (defined as the
ratio between actual surface and geometrical surface) can be
estimated using the following equation:
rw ¼ 1
A
Z
A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ rhðx; yÞ2
q
dxdy ð1Þ
where A is the geometric surface area, h is the local surface height
and x; y are the Cartesian coordinates. rw was computed using a
home-made Matlab program. Arithmetic surface roughness rawas
computed by the Zygo software.
2.3. Measurement of surface energies of electrodes
Electrode surface energy or surface tension gelect (elect = Au or
VC1 or VC2) is an important parameter allowing the estimation of
both the work of adhesion of metallic iron on the electrode
material in electrolytic solution WFe=elect and also the interfacial
tension between the electrode and the iron gFe=elect . The surface
tensions of the gold and VC electrodes, gAu, gVC1 and gVC2, were
obtained by measuring the contact angles of a series of liquids of
known surface tensions directly on the polished electrodes
surfaces (Owens-Wendt ‘one liquid method’ [34]). Contact angles
of ultrapure water, glycerol, dimethylsulfoxide and decane were
measured with a GBX Digidrop goniometer DGD fast/60 using
!2 mL liquid droplet in ambient conditions. The measurement of
contact angles was reproducible in the range )5$. Absolute
uncertainty on gelect measurement is lower than 4 mJ/m
2.
2.4. Electrodeposit morphology analysis
Morphology of iron electrodeposits was observed by SEM with
a MEB FEG JEOL JSM 7100F TTLS or a MEB FEG JEOL JSM 7800F
Prime-EDS. Before observation, the sample was rinsed with
ultrapure water (to avoid electrolyte crystallization) and dried
under ambient conditions. To avoid electrons beam deviation (due
to the presence of insulating material surrounding the disk
electrode), the whole sample surface was coated by a nanometric
layer of gold by vapor deposition, if required. An electric
connection between electrodes and the SEM support was insured
by a brass stud adapted to the electrode.
3. Results and discussion
3.1. Iron electrodeposition by cyclic scan voltammetry under silent
conditions
3.1.1. Fe(II) electrochemical behaviour on gold and vitreous carbon
electrodes
The electrochemical behavior of Fe(II) salts used (FeCl2 and
Mohr's salt) were examined in presence of two supporting
electrolytes and on three different electrodes polished with the
finest alumina suspension (0.3 mm): VC1, VC2 and gold. Voltam-
perometric curves obtained (under stirring) without Fe(II) (residual
currents, see insets in Fig. 1a and b) reveal a diffusion-limited wave
attributed to the reduction of the free protons at pH = 4:
Fig.1. Cyclic voltammetry scans and the corresponding SEM pictures. a) and b): curves (forward and backward, see arrows in a)) obtained on a rotating disk electrode for three
different materials: VC1, VC2 and gold. a): Mohr's salt solution, b): FeCl2 solution. Insets: Residual currents (forward curves). SEM pictures (taken at the end of the cathodic
cycle, see the arrow on a) and b)): 1) to 3) iron electrodeposits using Mohr’s salt solution on respectively VC1, VC2 and gold electrodes; 4) to 6) iron electrodeposits using FeCl2
solution on respectively VC1, VC2 and gold electrodes.
H++ e#! 1/2H2. (2)
Curves obtained with the electrolyte K2SO4 alone (inset in
Fig. 1a) exhibit a resolute diffusion-limited wave, of which the
limiting current, even low magnitude (0.65 mA/cm2), appears to be
constant for the three examined materials (same hydrodynamics).
Concerning the curve obtained in presence of KCl (inset in Fig. 1b),
it does not show a clear signal for the H+ reduction before the
reduction of water (2H2O + 2e
#! H2+ 2OH#), except for the gold
cathode. Indeed the H+ reduction on the VC is not visible (see inset
in Fig. 1b) because it is shifted to more negative potentials and
screened by water reduction. This phenomenon has already been
observed by Grujicic and Pesic ([33]) who studied iron electrode-
position from sulfate and chloride solutions on VC. Moreover, for
the gold cathode, the corresponding limiting current (0.34 mA/
cm2) is half of the magnitude of sulfate system ones (0.68 mA/cm2).
This ratio of 2 between these limiting current values is attributed
to the di-acid nature of H2SO4 compared to the mono-acid nature
of HCl. Indeed, a solution of sulfuric acid and K2SO4 at
pH=4 contains the following species: H+, HSO4
#
, SO4
2# and K+,
so after the consumption of the free H+, HSO4
# dissociates and
supply additional H+ which could be reduced. This leads, for the
sulfate system, to an apparent H+ concentration two times higher
than the one for the chloride system, and explains why a limiting
current (which is proportional to concentration) that is two times
higher has been measured for the sulfate system.
Values for limiting current density, jlim, can be estimated using
Levich's equation ([35]):
jlim ¼ 0:62:n:F:D2=3:v#1=6:CHþ:v1=2; ð3Þ
where n, F, D, v, CHþ and v are respectively the electrons number,
the Faraday constant, the diffusion coefficient, the kinematic
viscosity, the protons concentration and the angular velocity.
Taking the values for D, CHþ , and n of respectively 9.3 + 10#9m2/
s ([36]), 10#4M and 10#6m2/s leads to jlim= 0.33 mA/cm
2 which is
in accordance with the measured value of jlim for the chloride
system (0.34 mA/cm2, CHþ = 10
#4 M).
In the presence of iron salts (Fig. 1a and b), all curves (1000 rpm,
20 mV/s) exhibit an additional signal attributed to the Fe(II)
reduction:
Fe(II) + 2e#! Fe(0). (4-a)
For all examined electrode materials (gold, VC1 and VC2), the
first scan (starting at +0.2 V/SCE toward cathodic potentials) clearly
indicates a slow redox system, reductions of Fe(II) to Fe starting at
around -1.2 to -1.3 V/SCE on the initially bare electrodes. During the
first scan, vitreous carbons and gold are partially covered by zero-
valent iron, so once the switching potential is reached, substrates
tend to act as an iron electrode. Indeed at the potential scan rate
used, cathodic curves obtained during the return scan (-1.4 to
-0.4 V/SCE), exhibit a resolute diffusion-limited wave, correspond-
ing to the Fe(II) reductions on the native iron surface. It can be
noticed that for Mohr's salt solutions (Fig.1a), the diffusion-limited
wave (pseudo-plateau) is not well defined due to the co-reduction
of free protons on electrodeposited iron followed by water
reduction. This distinction between chloride and sulfate systems
for iron electrodeposition has already been observed by Grujicic
and Pesic ([33]).
For the backward scans, the cathodic current was canceled at
the equilibrium potentials which lie in the range [!-0.9 to !-0.8 V/
SCE] for the KCl medium and [!-1 to !-0.9 V/SCE] for the K2SO4
medium. These potentials remain relatively far from the Fe2+/Fe
Nernst's potential E = -0.44 - 0.25 + 0.03x(log(10#2/1)) = -0.74 V/
SCE. This could be explained by the following reasons:
- the Fe(II) ions complexed with chloride or by ammonium/sulfate
ions (Mohr's salt), so the redox system involved is different from
the simple Fe2+/Fe system
- co-reduction of free H+ (even at the equilibrium potential)
disturbs the redox potential of the Fe2+/Fe system due to the
increase of the pH at the cathode.
The anodic curves obtained during the backward scan for
potentials higher than -0.8 V/SCE, exhibit peaks attributed to the
iron electrodeposit oxidation (for both KCl and K2SO4 media and
for the three substrates, Fig. 1a and 1b):
Fe(0)! Fe(II) + 2e#. (4-b)
The sharp decrease in current, clearly indicates complete
oxidation of the electrodeposit and the regeneration of the initially
bare surface of the working electrode (gold, VC1 and VC2). This is
the end of one complete cycle of the operated experiments.
3.1.2. Influence of electrode material on iron electrodeposit
morphology
Iron electrodeposits, obtained on the three substrates and for
both chloride and sulfate media, were observed by SEM at the end
of the cathodic cycle. The resulting pictures are shown in Fig. 1,
pictures 1–6.
In chloride medium, a clear morphological difference can be
noticed between iron electrodeposits obtained on gold and on
vitreous carbon electrodes (Fig.1, pictures 4–6). Indeed, on the gold
electrode (Fig. 1, picture 6), the SEM image reveals iron
electrodeposit as a compact layer that covers well the electrode
surface. This layer consists of cubic structures sized in the range of
a few hundred nanometers. Conversely, on the VC substrates (Fig.1,
Fig. 2. SEM pictures of iron electrodeposits formed after a cathodic cycle by voltamperometry (starting at 0.2 V/SCE, reversed at -1.3 V/SCE, stopped at -0.8 V/SCE) using
Mohr’s salt solution for the gold electrode a) and for the VC2 electrode b) respectively.
pictures 4 and 5) iron electrodeposits appear as small micrometric
dendritic structures with heights not exceeding 1 mm.
In Mohr’s salt medium, iron electrodeposited on gold (Fig. 1,
picture 3) and on VC substrates (Fig. 1, pictures 1–2) present quite
similar morphology with a thin layer of iron covering the surface
(verified by Energy Dispersive X-Ray Spectroscopy) with iron
micrometric structures on it. However, a more detailed analysis of
this thin layer of iron (Fig. 2) shows that it covers more on the gold
electrode (Fig. 2a) than on the VC2 electrode (Fig. 2b). Indeed, on
the VC2 electrode, the thin layer of iron is not continuous, some
holes (dark spots) are visible revealing the VC substrate through
them. On contrary, on the gold substrate, this layer is far more
continuous.
Iron electrodeposit morphology depends on the Fe(II) salt and
the solution composition as well as the electrode material. It has
been shown that specific counter-ions adsorption could influence
electrodeposit morphology ([37]). Here, we focus on the effect of
the electrode material on the iron electrodeposit morphology, and
our observations show that electrodeposited iron has more affinity
with gold than with vitreous carbon electrodes. Iron spreads better
on gold than on VC during its electrodeposition for both media
used. It has to be noticed that no difference is observed between
electrodeposits on VC1 and those on VC2.
From the electrodeposition theory ([38]), it is shown that the
growth mode (from 2D to 3D) of a crystal strongly depends on
the interfacial energy of interface between the electrodeposit and
the electrode gFe=elect (with elect corresponding either to Au
electrode or to VC electrodes). Crystals obtained for low values of
gFe=elect are almost flat (2D growth) and conversely crystals grow
preferentially perpendicularly to the electrode surface (leading to
poorly covered electrode surface) for high values of gFe=elect (3D
growth).
Contact angle measurements were achieved for gold and VC
substrates, see Table 1. Using a theoretical development, the
difference between gFe=VC and gFe=Au can be estimated from the
measurements of surface energies (see the Appendix). A positive
and non-negligible value lying in the range [205.4 mJ/m2 ; 58.9 mJ/
m2] was deduced for gFe=VC # gFe=Au which is in accordance with
the morphological observations of iron electrodeposits.
Voltamperometric curves indicated in Fig. 1a) and 1b), show
that the overpotentials h required for iron reduction on the initially
bare gold electrode (the first forward scan) hAu are systematically
lower than hVC1 ! hVC2 for both media used. Therefore, a lower
energy (lower cell voltage) is required to create/increase the Fe/Au
interface than the Fe/VC interface. This is in accordance with the
previous analysis showing that a higher energy is required to
increase the surface area of the Fe/VC interface than to increase the
one of the Fe/Au interface during iron electrodeposition
ðgFe=VC > gFe=AuÞ.
To conclude, during a cathodic cycle on VC electrodes, iron
electrodeposits begin to grow following a 3D mode, leading rapidly
to a dendritic growth. On the gold electrode, iron electrodeposits
begin to grow following a 2D mode (thin film growth) which delays
the appearance of the dendritic growth mode as it is clearly visible
in the case of chloride medium (Fig. 1, pictures 4–6).
3.1.3. Influence of iron electrodeposit morphology on limiting current
of Fe(II) reduction
The differences in iron electrodeposit morphologies, as
discussed above, can be revealed by a detailed analysis of the
voltamperograms for both media (chloride and sulfate).
In chloride medium, the great difference in iron morphology
observed for gold and VC electrodes (see Fig. 1, pictures 4-6)
explains the slight, but systematic difference of limiting current
values, measured for both substrates (cathodic backward scan,
Fig. 1b). As previously mentioned, on the gold electrode, the SEM
image reveals quasi total coverage of the electrode surface by a thin
iron layer. Therefore, the electroactive surface area for the gold disk
can be considered as the geometrical surface area (see a schematic
representation of the electrodeposits in Fig. 3a for gold and 3b for
VC). Conversely, on the VC electrodes (Fig. 1, pictures 4 and 5) iron
electrodeposits consist of relatively small dendrites of which
heights (<1 mm) are lower than the thickness of the diffusion
boundary layer thickness (estimated at !14 mm). For the VC
electrodes case, electroactive surface area is limited to the sum of
surface areas of the growing dendrites tops (projected surface
area) which is lower than the geometrical surface area of the
electrode (see Fig. 3b). The fact that the limiting currents of Fe(II)
reduction in chloride medium, using VC electrodes, are lower than
those using gold can be simply explained by a reduced electro-
active surface area associated with iron dendritic growth on the VC
electrodes, but not on the gold electrode.
In Mohr’s salt medium, similar magnitudes of the pseudo-
limiting current were measured for gold and VC electrodes
(cathodic backward scans in Fig.1a, corresponding to the reduction
of Fe(II) on the substrate covered by the iron electrodeposit). This
different behaviour is explained by the very slight difference in
iron electrodeposit morphologies (comparatively to chloride
medium) obtained on gold and on VC electrodes (Fig. 1, pictures
1–3).
3.1.4. Fe(II)/Fe(0) kinetics on the gold electrode
In addition to the differences observed in the limiting current
for the three electrode materials, differences also appear between
gold and VC electrodes for low currents, on the backward cathodic
curves (Fe(II) reduction) on electrodeposited iron; while these
curves do not overlap in chloride medium (Fig. 1b), they overlap in
sulfate medium (Fig. 1a). Moreover, in chloride medium (Fig. 1b),
the backward curves for VC1 and VC2 overlap and exhibit lower
overpotential (activation area starting at !-0.9 to !-1.05 V/SCE) in
comparison to the backward curve obtained using the gold
electrode (higher overpotential, activation area starting at
!-0.95 to !-1.15 V/SCE). The iron electrodeposits morphology
(Fig. 1, SEM pictures 4–6) could explain the surprising lower
overvoltage observed on VC electrodes; indeed, the iron electro-
deposit on the gold electrode (picture 6 in Fig. 1) is more uniform
but not really ‘massive’, while iron electrodeposited on VC
electrodes (pictures 4 and 5 in Fig. 1) presents micrometric
dendrites in a metallic iron ‘massive’ or bulk form.
The effect of the potential scan rate on the current-potential
curves shape, as well as on the deposit structure, for the reduction
of Fe(II) on gold substrate, was examined in Fig. 4. Decreasing
potential scan rates (20 ! 8 ! 2 mV/s) led to an increase in the
amount of iron produced during the cathodic scan
(5.7 ! 14.7 !62.7 mC). Consequently, SEM pictures in Fig. 4b
and 4c of iron deposit, produced on the gold substrate during a
cathodic scan, show that increasing the amount of iron deposit
leads to a change in its structure.
As previously mentioned, iron deposits produced on gold during
the cathodic scan, spread on the electrode surface as a thin layer. The
SEM picture (Fig. 4c) reveals that for a scan rate of 20 mV/s,
the thickness of the deposit is about 90 nm which is close to the
Table 1
Surface energies of VC1 and VC2 electrodes. gd and gp are respectively the
dispersive and the polar components of the total surface energy
gelect ¼ gd þ gp .
gd (mJ/m
2) gp (mJ/m
2) gelect (mJ/m
2)
VC1 19 ) 2 10 ) 2 29 ) 2
VC2 21 ) 1 12 ) 2 34 ) 4
calculated thickness: equivalent compact layer thickness
e ¼ ðMFe
R
I:dtÞ=ð2FrFeSdiskÞ = 67 nm. This confirms the spreading
of iron and a 2D growth of the deposit on the gold electrode. A 3D
growth of the deposit is obtained only when a larger quantity of
iron is deposited (Fig. 4b) for low scan rates 8 mV/s and 2 mV/s. As a
first step, iron spreads on the gold surface and once the surface is
totally covered, deposit starts to growth following a 3D growth
mode and dendritic morphology appears. Indeed, decreasing the
scan rate from 20 mV/s to 8 mV/s leads to a change from a
homogeneous and ultrathin deposit (Fig. 4c) to a micrometric and
dendritic deposit that can act as a bulk iron electrode (Fig. 4b).
The I = f(E) curves obtained for the three scan rates (Fig. 4a) are
similar to those indicated in Fig. 1b; the forward cathodic scans
exhibit a diffusion-limited plateau at -1.2 V/SCE for which the
magnitude of the limiting current is not affected by the potential
scan rate. This means that for the three curves the system operates
in a steady state; the limitation of the current is due to the constant
agitation applied. Concerning the backward cathodic scan, the
curves show that, decreasing the potential scan rate (20 ! 8 ! 2
mV/s) causes the half-wave potential of the Fe(II) reduction on
native iron, to shift to the anodic values (-1.014 ! -0.992 ! -
0.938 V/SCE). This fact suggests a system which tends to become
more reversible (to reach the behaviour of a ‘bulk iron’ electrode) at
low scan rates, because for longer electrolysis durations the
amount of iron deposited is higher and a dendritic structure (of
micrometric size) is obtained.
Therefore the shape of the cathodic curves is dictated by the
structure of iron deposited and therefore by the quantity of iron
produced.
Potential scan rate also affects the potential of the oxidation of
the iron-deposit signal; the more the scan rate decreases (20 ! 8
! 2 mV/s), the more the oxidation of the iron deposited on the gold
electrode becomes easier (-0.550, -0.566 and -0.598 V/SCE),
suggesting a ‘bulk iron behaviour’.
It can be concluded that the electrodeposit obtained at 20 mV/s
is so thin (67 nm) that its electrocatalytic properties are affected by
the electronic collector (gold) and the Fe(II) reduction (and
oxidation) appears as a slower system. This effect is not observed
on VC electrodes because, even at 20 mV/s, the corresponding iron
electrodeposits consists of micrometric iron dendrites, which are
in a bulk iron form (Fig. 1, SEM pictures 4 and 5).
3.2. Iron electrodeposition by cyclic scan voltammetry under
ultrasonification
The electrochemical behaviour of Fe(II) during ultrasonification
was investigated in chloride and sulfate media and for the three
electrodes polished with the finest alumina suspension (0.3 mm):
VC1, VC2 and gold. The electrochemical cell was immersed in the
Fig. 3. Schematic representation of the iron electrodeposit morphologies obtained in chloride medium. a): on the gold electrode (related to the SEM pictures 6 in Fig.1), b): on
the VC1 and VC2 electrodes (related to the SEM pictures 4–5 in Fig. 1).
Fig. 4. a) Potential scan rate dependence of the voltamperometry curves (forward and backward, see arrows in a)) obtained on a rotating gold disk electrode, immersed in the
FeCl2 solution. SEM pictures of iron electrodeposit obtained on gold after a cathodic cycle (starting at 0.2 V/SCE, reversed at -1.25 V/SCE, stopped at -0.8 V/SCE) at b) 8 mV/s and
c) 20 mV/s.
ultrasonic bath and special care was taken to always put the cell in
the same place in the bath so as to generate the same ultrasound
intensity into the cell. Cyclic voltamperometry was performed
under ultrasonification or under silent conditions and the solution
was continuously stirred (v = 1000 rpm, potential scan rate = 20
mV/s). Results are given in Fig. 5. As previously, forward scan starts
from the open circuit potential (OCP !+0.2 V/SCE) and goes to the
cathodic direction (to -1250 mV/SCE for the gold electrode and to
-1350 mV/SCE for VC electrodes); then the scan was reversed to
potentials of around 0 V/SCE in order to get the backward ‘cathodic
and anodic parts’ of the I = f(E) curve.
3.2.1. Effect of ultrasound on mass transport during iron electrodeposit
growth
Current-potential curves obtained under ultrasonification
(Fig. 5) exhibit higher Fe(II) reduction limiting currents (obtained
during backward scan) than those obtained under silent conditions
(with the exception of current-potential curves in Fig. 5c which
will be discussed below). This is due to ultrasounds that induce
cavitation bubbles and acoustic streaming, causing additional
convection near the electrode and then increasing the mass-
transport flux of the electroactive species [20–25,19].Current
fluctuations, that are highly visible, especially on the diffusion-
limited plateau of Fe(II) reduction (see Fig. 5a, b, e and f), are
attributed to successive events of the collapse of cavitation bubbles
Fig. 5. Cyclic voltammetry scans (forward and backward, see arrows in a)) obtained on a rotating disk electrode for three different materials: gold (a) and d)), VC1 (b) and e))
and VC2 (c) and f)). Curves in a), b) and c) obtained with Mohr's salt solution; curves in d), e) and f) obtained with FeCl2 solution. Dashed lines: silent conditions, solid lines:
ultrasound activated. The ratio between the cathodic charge Qc, and the anodic charge Qa, is given for each case in the legend.
close to the electrode surface inducing local and transient vigorous
stirring ([21,26,27]). It is interesting to note that for current lower
than the limiting current, in the activation area (during backward
scans, reduction of Fe(II) on Fe(0)), current fluctuations are not
observed (Fig. 5a, b, c, e and f) and the curves, with and without
ultrasound, tend to overlap (especially in Fig. 5b and e). This is in
agreement with previous studies showing that ultrasounds affect
electrochemical processes mainly via mass-transport enhance-
ment and only slightly the electrode kinetics [39,20,30].
The increase in limiting current of Fe(II) reduction on the gold
electrode in chloride medium, when ultrasounds are activated
(Fig. 5d), is low (relative increase of 7%), compared to the other
ones corresponding to curves in Fig. 5a, b, e and f (relative increase
from 15 to 60%). On the basis of electrodeposited iron morphology
obtained by SEM imaging (Fig. 1, pictures 1–6), it appears that the
electrodeposit that has grown on the gold electrode in chloride
medium and under silent conditions (Fig. 1, pictures 6) is the only
one to grow as a thin film. For all other Fe(II) salts and electrode
material combinations, electrodeposited iron presents micro-
metric dendrites reaching about 1 mm height (Fig. 1, pictures
1–5). Submitting the solution to ultrasounds causes an increase in
the limiting current associated with the decrease in diffusion layer
thickness [21,22]. Furthermore, the fast growth of the iron
electrodeposits probably leads to higher dendrites with heights
greater than 1 mm, similar to the thickness of the diffusion layer.
Consequently, the electroactive surface area increases leading to a
current magnitude increase (see the schematic representation in
Fig. 6). For electrodeposit growth as a film (the dendritic growth is
delayed and such a coupling is not expected), the electroactive
surface area remains equal to the geometrical surface area of the
electrode and the current increases only due to the enhancement
of mass transport by ultrasounds. Therefore, this analysis allows to
give an explanation for the observed differences in the limiting
current increases with ultrasounds between the thin film growth
mode and the dendritic growth mode.
3.2.2. Effect of ultrasound on iron electrodeposits dispersion
The integration of both cathodic (forward and backward) waves
and anodic peak (Fig. 5) allow to get the amount of charge for Fe(II)
reduction, Qc, and for Fe(0) oxidation Qa. The computed values of
the ratio Qc=Qa are given in legends of Fig. 5. Qc=Qa values, higher
than 1 in all cases, are used below as criterion to discuss the effects
of adhesion and ultrasound on iron electrodeposits dispersion
from the electrode.
In absence of ultrasonification, Qc=Qa obtained in FeCl2 (!1.10)
is lower than those obtained in Mohr's salt (!1.35), because of the
co-reduction of both H+ and partially of water during the Fe(II)
reduction (as already said in section 3.1.1). Note that the current
consumption by H+ and water reduction constitutes a drawback
(loss in faradic yield for Fe(II) reduction), but also two advantages: i)
consumption of H+ in the diffusion layer, so limitation of the
corrosion of zero-valent iron deposit, and ii) production of a little
part of H2 which allows limitation of the oxidation by the residual
oxygen.
Concerning the adhesion/dispersion of the iron electrodeposit
on the gold electrode (Fig. 5a and d), the effect of the ultrasounds
appears minor in both FeCl2 and Mohr’s salt media; indeed
comparison of the ratio Qc=Qa (see legends in Fig. 5a and d) with
ultrasonification (1.31 in Mohr's salt; 1.08 in FeCl2) and without
(1.36 in Mohr’s salt; 1.08 in FeCl2) shows very similar values,
demonstrating that all iron electrodeposited during Fe(II) reduction
remains on the gold surface and oxidizes totally during the
backward anodic scan. Conversely, for VC electrodes (see Fig. 5b, c,
e and f), iron electrodeposits dispersion is observed in every case,
Qc=Qa obtained with ultrasound is at least equal to 1.6 and it is
always higher than Qc=Qa values obtained under silent conditions
(Fig. 5b, c, e and f).
Note that for the electrolyses using the Mohr's salt solution and
the VC1 electrode (Fig. 5b), even if the removal of the deposit is
observed Qc=Qa = 1.6), the anodic peak (and also the amount of
charge), when ultrasounds are activated, is higher than the one
obtained under silent conditions. As discussed in [30] and [31], this
is due to the enhancement of mass-transfer by ultrasound leading
to larger deposition rate and then a larger quantity of iron is formed
on the electrode compared to the silent condition case even if some
part of the deposit is dispersed.
Iron electrodeposit appears to adhere much more on the gold
electrode surface than on the VC electrodes surfaces, because of
the high adhesion energy between both metals; the solid deposit
requires higher ultrasonification power to be removed and
dispersed in the liquid. These results are in agreement with
estimation of works of adhesion presented in the Appendix: work
of adhesion of iron on gold WFe=Au = 148.7 mJ/m
2 and work of
adhesion of iron on VC WFe=VC = 17.3 mJ/m
2.
Concerning VC1 electrode (Fig. 5b and e), similar curves and
Qc=Qa ratio are obtained in Mohr’s salt and in FeCl2. For Mohr’s
salt, Qc=Qa reaches 1.6 with ultrasound, and the main part of the
iron deposit (62.5%) remains on the VC1 electrode surface even
under ultrasonification. For FeCl2, ultrasonification appears to be
Fig. 6. Schematic representations of possible diffusion layer configurations for the two main types of iron electrodeposit morphology encountered, thin film (a1 and b1) and
dendritic (a2 and b2), under silent conditions (a1 and a2) and with ultrasonification (b1 and b2).
more efficient, Qc=Qa reaches 3.45 with ultrasounds. Nevertheless,
ultrasonification effect on iron deposit dispersion appears less
efficient on VC1 than on VC2 (see Fig 5b, c, e and f). Indeed,
VC2 electrode led to the most interesting results (Fig. 5c and f)
particularly with Mohr's salt solutions (Fig. 5c). The anodic peak
corresponding to the remaining iron, electrodeposited during the
cathodic scan, is missing, indicating that all the iron electrodeposit
was removed from the electrode surface and Qc=Qa reaches 240
(instead 1.4 without ultrasound)! In addition, the backward
cathodic scan (Fig. 5c) tends to overlap the forward cathodic scan,
meaning that Fe(II) reduction takes place on an almost clean/bare
surface, where iron electrodeposits are rapidly and continuously
removed thanks to ultrasounds. Iron electrodeposits adhesion on
VC2 electrode surface is very weak and they are dispersed easily
during their formation. The same effect, even less important (in
comparison with the Mohr’s salt), is observed with FeCl2 on VC2
(Fig. 5f), Qc=Qa reaches 4.56 under ultrasonification.
A similar analysis of the evolution of the ratio Qc=Qa as a
function of the ultrasound intensity has been achieved in [30] for
the electrodeposition of metals (Zn, Co, Pb and Hg) on a VC
electrode using a face-on configuration. The overlapping of both
the cathodic backward and the forward scans (as observed in the
present study, Fig. 5c) was not observed in this last study, even for
the higher ultrasound intensity. This suggests that electrodepos-
ited metals particles were always present on VC electrode surface
during the cathodic part of the scan. As discussed in [30] (see also
[31]), the dispersion rate was not sufficiently high to overcome the
deposition rate during the cathodic part of the scan. The
experimental configuration, used in the present study, clearly
shows that iron particles can be very rapidly removed by
ultrasound allowing to operate continuously (with an almost
‘bare’ substrate).
This last observation is important from a practical point of view
because it shows that it is possible to drive the electrodeposition of
iron simultaneously with its almost total dispersion that should
lead to the continuous synthesis of fine iron particles (limiting
their growth). On another side, as it could be seen in Fig. 5c, the
cathodic charge is lower than in the other cases, leading to a lower
synthesis rate. As discussed, in [30] and [31], the competitive effect
of metal deposition and its dispersion could be adjusted by the
control of both the Fe(II) concentration and the ultrasound
intensity.
To sum up, main differences in the dispersion of iron electro-
deposited on gold and VC electrodes, are due to a difference in
work of adhesion between iron and these substrates.
However, differences can also be observed between apparently
similar VC electrodes: VC1 and VC2. Dispersion by ultrasonification
is more efficient on VC2 than on VC1, suggesting that iron adheres
less on VC2 than on VC1. To demonstrate this assumption, contact
angle measurement were achieved for VC1 and VC2, and results
were indicated in Table 1, giving gVC1 and gVC2.
The values of the surface tensions of VC1 and VC2 electrodes are
very similar (gVC1 ! gVC2, averaged value = 30 mJ/m2). gVC2 is
found to be slightly higher than gVC1 probably because of a slight
difference in their chemical compositions (see section 2.1) and this
could induce a better adhesion on VC2 than on VC1 (see Appendix).
Nevertheless, experiments have clearly shown a better adhesion
on VC1 than on VC2, implying another parameter as responsible of
this observed difference. The effect of the VC electrodes surface
roughness is analyzed in the following sections.
3.3. Influence of the roughness of the VC electrode on the dispersion of
electrodeposited iron
The roughness of the surface of the electrode is a parameter
which could influence the adhesion of iron. Both VC electrodes’
surface were characterized by optical microscopy and by an
interferometric surface profiler (Zygo 3D), Fig. 7. The small void
inclusions within the VC1 (visible as holes on its surface with
diameters in the range 1 to 10 mm, Fig. 7b and 7-2) correspond to
manufacturing defects. Conversely, VC2 does not exhibit holes on
its surface; remaining polishing stripes are visible on the surface
profile and their heights remain less than 30 nm (Fig. 7-1).
Decreasing the roughness of the electrode surface enables
easier electrodeposit dispersion in the liquid. In order to
specifically study the effect of the electrode roughness on
electrodeposit dispersion, independently of iron growth, in the
next section we focus on the dispersion kinetics of iron electro-
deposited under silent conditions.
Iron deposition was achieved by galvanostatic electrolysis
under silent conditions using the rotating disk electrode (v = 1000
Fig. 7. Optical images and surface profiles of the polished (alumina suspension at 0.3 mm) VC electrodes used in the present study; for VC2 a) optical image and 1) surface
profile; for VC1 b) optical image, 2) surface profile.
rpm) and the same electrolytes composition. In order to avoid
significant hydrogen production, the applied current, Iapplied,
corresponds to 90% of the limiting current, Ilim, obtained during
the backward cathodic scan under silent conditions. The duration
of electrolysis Dt was chosen in order to obtain an iron
electrodeposit with an equivalent iron-compact-layer of 85 nm.
After electrolysis, the rotation of the depolarized disk electrode
(cathode disconnected from the anode), was maintained and
ultrasonification was immediately activated (or not) for a specific
duration tUS. In order to evaluate the effect of ultrasonification on
the dispersion of the deposit, an anodic scan was immediately
carried out after the ultrasonification phase (from the OCP
!-0.730 V/SCE to +0.2 V/SCE at 20 mV/s, maintaining electrode
rotation and without ultrasonification).
The amount of charge (Qa) corresponding to the oxidation of
the remaining deposit on the electrode surface was then evaluated.
Note that Qa was compared with an amount of charge, thus called
Qaref, which was measured during a ‘reference anodic scan without
ultrasounds’; Qaref corresponds to the oxidation of the iron deposit
not submitted to ultrasonification (tUS = 0) after electrolysis. The
results obtained for the operating parameters investigated are
presented in Fig. 8, where the ratio (Qa/Qaref) is plotted as a
function of tUS. Points on each curve correspond to the average
values Qa/Qarefmeasured for at least three experiments; error bars
correspond to standard deviations. As indicated above, the iron
deposit on the gold electrode is not affected (or very slightly) by
ultrasounds; there is no dispersion. For this reason, this section
focuses on the vitreous carbon electrodes VC1 and VC2 only, and it
presents the effect of both precursors (FeCl2 and Mohr’s salt) on the
dispersion of the solid iron deposit. The curves Qa/Qaref versus tUS
(Fig. 8) are analyzed with the help of SEM pictures of the
electrodeposited iron not submitted to ultrasonification (insets in
Fig. 8).
3.3.1. Iron electrodeposits morphology
The Morphology of iron electrodeposits formed by galvano-
static electrolysis (insets in Fig. 8) is different from those formed by
voltammetry (Fig. 1). For FeCl2 and both VC1 and VC2 (insets in
Fig. 8a and b), electrodeposited iron morphologies consist of
micrometric ‘rounded particles’ and submicrometric iron struc-
tures covering the remaining VC surfaces, while dendritic
structures were obtained with voltammetry. It can be noticed
that the rounded particles have coalesced in some cases, forming
bigger flakes. This is clearly observed on the VC2 electrode (inset in
Fig. 8b).
The morphologies obtained by galvanostatic electrolysis appear
more ‘homogeneous’ (less dendritic) than the ones obtained by
voltammetry. Among other effects, this could be attributed to the
electrodeposition mode and the cathodic current employed; with
voltammetry, electrodeposition is conducted under continuous
evolution of the applied voltage and the resulting current (which
reached its limiting value), while galvanostatic electrolyses carried
out with a current close (90%) to the limiting current. As often
observed in galvanostatic electrodeposition, electrodeposit tends
to be dendritic/powdery when applied current is equal to, or
higher than the limiting current ([40–42]). Even when the applied
current is just below the limiting current, a ‘less rough’ and ‘less
dendritic’ electrodeposit morphology could be obtained [41,42].
For Mohr's salt and both VC1 and VC2 (insets in Fig. 8c and d),
metallic iron takes the form of micrometric structures as for the
deposition obtained by voltammetry; but here, these micrometric
structures seem to have grown under the form of a ramified
Fig. 8. Dimensionless iron quantity Qa/Qaref remaining on the electrode as a function of the ultrasonification duration (tUS). Experiments a) (VC1) and b) (VC2) were achieved
in the FeCl2 solution. Experiments c) (VC1) and d) (VC2) were achieved in the Mohr’s salt solution. Points correspond to the average values Qa/Qarefmeasured for at least three
experiments; error bars correspond to standard deviations. Insets: SEM images of the electrodeposits just after the electrolysis (not exposed to ultrasonification).
structure covering all the substrate surface. For the VC2 electrode
(inset in Fig. 8d), a proportion of the iron deposit partially peeled
off the electrode surface, probably solely due to the effect of
electrode rotation. Comparatively, the iron deposit from Mohr’s
salt on VC1 (inset in Fig. 8c) consists of the same deposit
morphology but it remains stuck on the electrode surface.
In the FeCl2media, it seems that these iron particles (especially
the flattened ones, inset in Fig. 8b) also partially peeled off the
electrode surface in the case of VC2 electrode. Therefore, these SEM
images, taken just before the ultrasound phase, show that the
adhesion of iron electrodeposits to the electrode seems to be
weaker for the VC2 than for VC1. Indeed, in the following section,
this observation is confirmed by electrochemical measurements
indicated on the plot of Qa=Qaref as a function of tUS
3.3.2. Dispersion by ultrasonification of iron ‘electrodeposited under
silent conditions’
3.3.2.1. Ultrasound action for two VC substrates and two salt
precursors.
The effect of the substrate (VC1 and VC2) on the iron dispersion for
both FeCl2 and Mohr’s salt precursors were examined. All the
curves (except Fig. 8b) exhibit a decrease of the ratio Qa=Qaref as a
function of tUS, meaning that the quantity of the dispersed iron
increases progressively with time during ultrasonification.
For all experiments, an ultrasonification duration of 60 s allows
the removal of most (!90%) of the iron deposit, and disperses it
into the liquid. Standard deviation of the ratio Qa=Qaref has been
determined in both media and with both substrates. For short
ultrasonification time, results are not highly reproducible, but they
become more reproducible for longer durations. Furthermore, the
quantity of the iron deposit remaining on the substrate decreases
progressively with time; this is particularly visible for the
VC1 electrode (Fig. 8a and c). For the VC2 electrode, dispersion
is too fast to observe this behavior, especially in the case of FeCl2
medium (Fig. 8b).
The progressive removal of iron from the VC1 electrode is
explained by the operated mode of ultrasonic dispersion. Indeed,
constant-power-ultrasound produces cavitation bubbles in the
liquid at a constant rate per unit of volume. However, only the
collapses of cavitation bubbles in the vicinity of the iron deposit
surface can cause its local dispersion. The flux of removed particles
should then be proportional to the quantity of iron deposit present
on the electrode surface. Thus, decreasing the iron quantity at the
surface, reduces the removed particles flux, as observed experi-
mentally. A simple first order kinetics model can be built to
quantify this behavior:
d
dt
Qa
Qaref
% &
¼ #s Qa
Qaref
; ð5Þ
with s being the dispersion rate constant (s#1) that should depend
on the ultrasound power, on the adhesion energy
Eadh ¼ WFe=VCSFe=VC (SFe=VC being the surface area of the iron/VC
interface) and on the size and distribution of particles on the
electrode. Equation (5) leads to the exponential decrease: Qa/
Qaref(t) = exp(#st). The plot of ln (Qa/Qaref) versus tUS using data
from Fig. 8a and c are shown in Fig. 9. Dispersion around the linear
best fit curves is observed (due to the results that are not totally
reproducible). Nevertheless, it should be pointed out that this very
simple model captures the overall dynamic of the phenomenon.
This result is in agreement with results from other studies,
mentioning a progressive ‘erosion/roughing’ of Pt electrode
submitted to ultrasonification [28], or a progressive ablation
associated with cracks formation in glass surrounding a disk
electrode submitted to ultrasound [32].
In both media, results indicate that the iron deposit was more
easily removed from the VC2 than from the VC1 electrode, after
15 s of ultrasonification, 100% of the iron deposit is dispersed,
confirming what has been observed previously on the basis of SEM
images in insets of Fig. 8. In comparison, on VC1, !60% (in FeCl2)
and !90% (in Mohr’s salt) is removed after 15 s of ultrasonification
(Fig. 8).
The above observed differences in iron adhesion on VC1 and
VC2 cannot be explained by differences in the work of adhesion
between iron and VC substrates (WFe/VC in J/m
2). As also indicated
above, another difference between VC1 and VC2 electrodes is their
surface roughness’. Micrometric holes on VC1, that induce a higher
roughness (Fig. 7), act as ‘anchors’ for the electrodeposited iron.
Roughness induces higher iron/VC interface surface area SFe=VC
leading to higher adhesion energy, Eadh ¼ WFe=VCSFe=VC , as said
before. ‘More cavitation bubbles’ (which provide mechanical
energy) are then required to detach the iron particles from the
electrode, which takes more time (using always the same
ultrasound power) and leads to a slower iron removal as
experimentally observed.
3.3.2.2. Effect of different polishing level on deposit dispersion.
In order to confirm the effect of the electrode roughness on iron
deposit adhesion, three different polishings were applied to the
VC2 electrode surface: the substrate was polished with paper grid
P800 (electrode VC2P800), P1200 (electrode VC2P1200) and with
0.3 mm alumina suspension (electrode VC20.3 mm). As previously
Fig. 9. ln (Qa/Qaref) versus ultrasonic time tUS on VC1 (circles) for a) FeCl2 and b) Mohr’s salt, from data of Fig. 8a and c. Solid lines correspond to best linear fits.
stated, the electrodes surfaces were characterized using an optical
surface profiler (Zygo 3D) and results are shown in Fig. 10. Due to
mechanical polishing stripes are clearly visible for all levels of
polishing. The one dimensional profiles, presented in Fig. 10, show
a peak-to-peak amplitude of approximately 2 mm and 1 mm for
VC2P800 and VC2P1200 respectively. On VC2, polished with the
0.3 mm alumina suspension, the surface appears to be smoother,
presenting a peak-to-peak amplitude of approximately 0.03 mm.
The values of the Wenzel's roughness rw and the arithmetic
roughness ra are given in Table 2.
Iron electrodeposits obtained after galvanostatic electrolysis on
VC2, polished with P800 and P1200 paper, are presented in Fig. 11a
(insets). The effect of the ultrasonification duration on iron
dispersion was examined by plotting of the ratio (Qa/Qaref) as a
function of tUS (Fig. 11a), for the three different polishing levels. As
for VC1 (Fig. 8a and c, and Fig. 9), a practically exponential decrease
was observed, that validates the fact that iron electrodeposit
dispersion by ultrasonification follows a first order kinetics
(Equation 5). The lowest dispersion efficiencies are indeed
obtained for electrodes that present the highest roughness. For
example, after 5 s of ultrasonic duration, the quantity of iron
deposit remaining on the surface for VC2, decreases from !45% to
<5% when polishing was achieved respectively with paper grid
P800, P1200 and 0.3 mm alumina suspension. This confirms the
effect of the roughness on the dispersion kinetics.
For VC2P800 and VC2P1200, the same quantity of iron was
deposited during the electrolyses, but as rw (ratio between actual
surface and geometrical surface) is higher for VC2P800 than for
VC2P1200 (Table 2), SFe=VC is larger for VC2P800 than for
VC2P1200. This induces a larger Eadh ¼ WFe=VCSFe=VC for
VC2P800 and then a slower dispersion kinetics, as observed in
Fig. 11a.
Deposits obtained on these rough surfaces can be compared
with deposits obtained on a smooth VC2 electrode (polished with
0.3 mm alumina suspension, inset of Fig. 8b). On the smooth
surface, iron is deposited randomly, forming rounded particles and
micrometric plates/flakes (Fig. 8). On the rough surfaces
(VC2P800 and VC2P1200), micrometric plates are also observed,
but they grow along the stripes, following the topography of the
substrates. Furthermore, SEM pictures, taken with 40$ tilt, show
that iron preferentially grows at the bottom of the stripes (Fig.11b).
This behaviour does not correlate with the classical phenome-
nology of galvanostatic electrodeposition on rough substrates.
When the diffusion layer thickness (!14 mm here) is greater than
the height of the stripes (2 mm here, macroprofile), due to local
variations of the diffusion layer thickness, metal should be
preferentially deposited at the top of the stripes [41]. We cannot
explain this observation at this time. However, linear voltammetry
conducted on these three surfaces reveals that the greater
the roughness, the lesser the overpotential of initial Fe(II) reduction
(not shown). By analogy with the analysis undertaken in
section 3.1.2, this fact suggests that polishing stripes offer an area
Fig. 10. Surface profiles of VC2 electrodes obtained by an optical surface profiler (Zygo 3D) and their one dimensional profiles (perpendicular to the stripes), a) VC2P800, b)
VC2P1200, c) VC20.3 mm.
Table 2
VC2 surface roughness’ for different levels of polishing: with 0.3 mm alumina
suspension, with paper grid P800 and P1200.
Amplitude max (mm) rw ra (nm)
VC20.3 mm 0.03 1.0000 8
VC2P1200 1 1.0156 162
VC2P800 2 1.0371 345
where gFe=VC is lowered, facilitating iron deposition. gFe=VC should
therefore be lower at the bottom of the stripes than at the top,
leading to an improved adhesion of these ‘anchored’ deposits
(WFe/VC = gFe/L+ gVC/L# gFe/VC, see the Appendix).
Another point is that iron deposited onto the stripes can be
protected from the fluid stream and ultrasonic perturbation that
can cause the detachment of the deposit. Indeed, the same quantity
of iron is deposited on the rough substrates (VC2P800 and
VC2P1200) as that on the smooth one. But iron deposited inside the
stripes of the rough substrates has an iron/liquid interface less
exposed to cavitation bubbles.
These results clearly confirm the major importance of VC
electrode surface roughness on the adhesion of iron deposit and
demonstrate that dispersion kinetics effectively slows down as
electrode surface roughness increases.
4. Conclusion
The objective of this work was to study phenomena involved in
the synthesis of zero-valent iron nanoparticles by sonoelectro-
chemistry. The role of the electrode substrate on the morphology of
the electrodeposited iron and its dispersion by ultrasound was
more particularly investigated, considering the following three key
parameters: 1) the interfacial energy of the iron/electrode
interface gFe=elect , 2) the work of adhesion of the electrodeposited
iron on the electrode and 3) the electrode surface roughness.
Choosing gold or VC as electrode materials, exhibiting different
interfacial energies gFe=VC > gFe=Au, allows to observe significant
differences in both the morphology of iron electrodeposits and
their dispersion by ultrasound. No dispersion was observed using
ultrasound when iron was reduced on the gold; the electro-
deposited iron adheres strongly and it spreads easily along
electrode surface (2D growth mode) before the eventual starting
of a dendritic growth (depending on the precursor salt used). On
VC electrodes, electrodeposited iron covers partially the electrode
surface (3D growth mode); its weak adhesion facilitates its
dispersion by ultrasound.
A particular regime was observed, using the smoother VC
electrode during cyclic voltammetry scan under ultrasonification:
electrodeposit dispersion is complete, allowing continuous regen-
eration of the bare substrate; fine iron particles should be
synthetized during this process. These results allow to highlight
the importance of the electrode material choice for the elaboration
of sonoelectrochemical devices dedicated to the synthesis of
metallic nanoparticles. The low surface energy and the low affinity
of VC substrates against the deposited metal offer the double
benefit:
- to favor the low spreading of the metal on the electrode (3D
growth), promoting the formation of isolated fine iron particles
instead of thin films
- to facilitate the ‘ultrasound-assisted’ dispersion of the electro-
deposit.
The iron electrodeposits dispersion by ultrasound appears to be
described by a first order kinetics because of the constant removal
action of the cavitation bubbles. Moreover, dispersion kinetics
slow down when the electrode surface roughness increases, the
latter inducing enhanced adhesion of the iron electrodeposits.
Even if the synthetized quantity of dispersed iron particles is
low with the device used (micro-electrolyses), some preliminary
electrolyses were carried out (without surfactant) by applying
ultrasound (VC2 polished at 0.3 mm, Mohr's salt). The characteri-
zation by dynamic light scattering revealed the presence of
!200 nm sized particles.
Acknowledgments
This study was supported by the MSR Graduate Research
Fellowship and the authors would like to thank the Paul Sabatier
University for funding the research. Thanks are also due to Sophie
Chambers for checking the manuscript.
Appendix. Estimation of works of adhesion and interfacial
tensions
The objective of this Appendix is to estimate the works of
adhesion of iron (Fe) on the electrode materials used in this study,
WFe=elect , with elect corresponding either to Au (gold) or to VC
electrodes. Furthermore, the interfacial tensions of the interface
between iron and electrode materials, gFe=elect , are also estimated.
WFe=elect and gFe=elect are estimated using the following theoretical
development and the values of electrode surface energies
measured by the contact angle measurement method.
The work of adhesion of iron on the electrode can be estimated
considering only the van der Waals interactions and following the
theory developed in [43]. Considering the van der Waals
interaction potential profile for iron interacting with electrode
across the liquid phase, work of adhesion corresponds to the
extremum value of this profile. It has been shown, for several
Fig. 11. Dimensionless iron quantity (Qa=Qaref ) remaining on the electrode as a function of the ultrasonification duration (tUS) for VC2 in FeCl2 solution for various
polishing levels. Points correspond to the average values Qa=Qaref measured for at least three experiments; error bars correspond to standard deviations; insets
show SEM images of the electrodeposits just after the electrolysis (not exposed to ultrasonification) on VC2 polished with P800 and P1200 paper grids. b) SEM
image with 40$ tilt, of the iron electrodeposit on VC2P800; iron deposits located at the stripes bottom are visible in the red ellipse.
material combinations, that this extremum is found for a
separation distance between both interacting media (iron and
electrode) d = 0.165 nm [43]. Work of adhesion can then be
estimated using the following equation ([43]):
WFe=elect ¼ Aelect=L=Fe=ð12pd2Þ; ðA1Þ
where Aelect=L=Fe is the Hamaker constant for iron and electrode
interacting across the liquid (L). Aelect=L=Fe is computed thanks to the
combining relation:
Aelect=L=Fe ¼ ð
ffiffiffiffiffiffiffiffiffiffi
Aelect
p
#
ffiffiffiffiffi
AL
p
Þð
ffiffiffiffiffiffiffi
AFe
p
#
ffiffiffiffiffi
AL
p
Þ; ðA2Þ
where Aelect , AL and AFe are the computed Hamaker constants from
the Lifshitz theory of respectively electrode material, water and
iron; the following Hamaker constants values are used:
AAu = 45.3 + 10#20 J ([44]), AL = 3.7 + 10#20 J (Hamaker constant of
water, [43]) and AFe = 26.0 + 10#20 J ([45]). The value of AVC could be
estimatedusing the measured surfaceenergyof the VC electrodes,gVC
= 30 mJ/m2 (averaged value of surface energies measured for
VC1 and VC2, see Table 1), and the equation: AVC ¼ 24pd2gVC
([43]).
Finally, combining equations (A1) and (A2), we find WFe=Au =
148.7 mJ/m2 and WFe=VC = 17.3 mJ/m
2. Even if the obtained value for
WFe=Au is probably underestimated (because attractive forces
between metals, such as possible metallic bonds, are not considered
by the van der Waals interactions), we show that WFe=Au>>WFe=VC .
Iron should adhere much more on the gold electrode than on the
VC electrodes. Indeed, this is effectively demonstrated experimen-
tally, in section 3.2.2.
On the basis of the values of these works of adhesion, interfacial
tensions gFe=elect can be estimated. Indeed, the work of adhesion
can be expressed as a function of the interfacial tensions involved
in the system using the Dupré's equation:
WFe=elect ¼ gFe=L þ gelect=L # gFe=elect; ðA3Þ
where gFe/L, gelect/L and gFe/elect are the interfacial tensions
respectively between iron and electrolytic solution (L), between
electrode and electrolytic solution and between iron and electrode.
WFe=elect corresponds to the energy per unit area required to
separate the iron surface from the electrode surface in the
electrolytic solution. Using equation (A3), gFe=VC # gFe=Au can be
expressed as:
gFe=VC # gFe=Au ¼ gVC=L # gAu=L þ WFe=Au # WFe=Vc ðA4Þ
Girifalco and Good [46] have shown that interfacial tensions can
be approximately computed as a function the surface tensions by:
ga=b ¼ ga þ gb # 2Fa=b
ffiffiffiffiffiffiffiffiffiffiffi
gagb
p ðA5Þ
where ga=b is the interfacial tension between phase a and phase b,
ga and gb are the surface tensions of respectively phase a and b,
Fa=b is an adjustment parameter which depends on interactions
between a and b. The relation (A5) is applied for the VC electrode
and for the gold electrode interfaces, (respectively gVC=L ¼ gVC þ
gL # 2FVC=L
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gVCgL
p
and gAu=L ¼ gAu þ gL # 2FAu=L
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gAugL
p
). gL is
taken as the pure water surface tension, 73 mJ/m2 at 20 $C (i.e.
neglecting salts content). As previously, the value 30 mJ/m2 is
chosen for gVC. For gold surface, placed in ambient conditions,
surface contaminations occur ([47]) and the value of gAu is then
significantly lower than its value measured for pure gold material
(!1500 mJ/m2 at the melting point, [48]). gAu has been measured
by contact angle measurement, gAu= 27 mJ/m
2 (measured at
)3 mJ/m2).
The adjustment parameters FAu=L and FVC=L are generally close
to 1. Indeed according to the experiments of Girifalco and Good
[46], carried out with a lot of material combinations (including
mercury as metal), the adjustment parameter lies in the range
[0.31, 1.17]. Using extremes values (0.31 and 1.17), interfacial
energies gVC=L and gAu=L are estimated as being within the wide
range [74.0 mJ/m2; 0 mJ/m2] and [72.5 mJ/m2; 0 mJ/m2] respec-
tively (restricting to positive values).
Finally, applying equation (A4), gFe=VC # gFe=Au lies in the range
of positive values [205.4 mJ/m2; 58.9 mJ/m2] meaning that gFe=VC >
gFe=Au. Iron should then spreads more on the gold electrode surface
than on the VC electrode surface. This is effectively experimentally
observed and discussed in section 3.2.1.
However, it should be kept in mind that these estimated values
for gFe=VC # gFe=Au and WFe=Au are probably underestimated since,
as said above, only van der Waals interactions are considered for
the computation of WFe=Au. A ‘upper limit’ for WFe=Au can be
estimated using the ‘apparent’ Hamaker constants computed from
gold and iron surface tensions ðAFe=Au ¼ 24pd2gFe or AuÞ taking
values corresponding to a ‘clean’ surface state (gAu = 1500 mJ/m
2
and gFe = 2475 mJ/m
2, [48]). Then, the value of 3138 mJ/m2 is
obtained for WFe=Au suggesting, as expected, strong interactions
between iron and the gold electrode.
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